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The catalytic subunit of the cyclic AMP-dependent
protein kinase A (PKAc) catalyzes the transfer of
the g-phosphate of bound Mg2ATP to a serine or
threonine residue of a protein substrate. Here, time-
lapse X-ray crystallography was used to capture a
series of complexes of PKAc with an oligopeptide
substrate and unreacted Mg2ATP, including the Mi-
chaelis complex, that reveal important geometric re-
arrangements in and near the active site preceding
the phosphoryl transfer reaction. Contrary to the pre-
vailing view, Mg2+ binds first to the M1 site as a com-
plex with ATP and is followed by Mg2+ binding to the
M2 site. Concurrently, the target serine hydroxyl of
the peptide substrate rotates away from the active
site toward the bulk solvent, which breaks the
hydrogen bond with D166. Lastly, the serine hydroxyl
of the substrate rotates back toward D166 to form
the Michaelis complex with the active site primed
for phosphoryl transfer.
INTRODUCTION
Protein kinases regulate avast arrayof signalingprocesseswithin
cells by transferring the g-phosphate (gPO3) of ATP to a target
protein substrate in response to extracellular stimuli (Cohen,
2001). The addition of a phosphate group to the target protein al-
ters its structure and function, thereby affecting specific changes
in the cellular processes in which it participates. Cyclic AMP-
dependent protein kinase (PKA) has a catalytic subunit (PKAc),
which is thewell-studied, prototypical exampleof this large family
of enzymes. Roughly 70% of the sequence of the PKAc catalytic
core is shared by all protein kinases (Johnson et al., 2001).
The catalytic cycle of PKAc is a multistep process (Lew et al.,
1997; Cheng et al., 1998; Shaffer and Adams, 1999b; Masterson
et al., 2010). Initially, ATP, Mg2+ ions, and a substrate bind to
PKAc to form a ternary complex, which brings key residues into
positions optimal for catalysis (Kong and Cook, 1988; Adams
and Taylor, 1993). Subsequently, the gPO3 of ATP is transferredStructure 23, 2331–23(Zhou and Adams, 1997a) to the hydroxyl of the target Ser or
Thr residue, forming ADP and the phosphorylated substrate
product. Lastly, the products are sequentially released (Zhou
and Adams, 1997b; Kim et al., 2007). Extensive crystallographic
work has provided insight into the conformational changes
involved in the catalytic reaction. Comparisons of the apo-
PKAc structure (Akamine et al., 2003) with oligopeptide inhibi-
tor-, ADP-, or substrate-bound binary complexes (Knighton
et al., 1991; Gerlits et al., 2014; Bastidas et al., 2015; Narayana
et al., 1997b), andwith assembled ternary complexes (Madhusu-
dan et al., 1994; Narayana et al., 1997a; Yang et al., 2004; Kova-
levsky et al., 2012) have identified catalytically important
conserved residues in the active site (Yoon and Cook, 1987;
Hanks and Quinn, 1991; Hemmer et al., 1997; Zhou and Adams,
1997a; Madhusudan et al., 2002). However, attempts to obtain
structures of ternary complexes with ATP, divalent, monovalent,
or no metal ions and a reactive substrate peptide consistently
yielded ADP and phosphorylated products (Madhusudan et al.,
1994; Yang et al., 2004;Gerlits et al., 2013, 2014). A structure pre-
pared with ADP and aluminum trifluoride revealed an approxi-
mately in-line configurationbetween thehydroxyl of the substrate
serine, aluminum, and the b-phosphorus of ADP, revealing the
phosphoryl transfer geometry and leading to the structure being
termed the TS mimic (Madhusudan et al., 2002). Other non-hy-
drolyzable ATP analogs have also produced structures of ternary
product complexes (Bastidas et al., 2013; Gerlits et al., 2013).
Despite extensive effort, the true Michaelis complex of the
enzyme, substrate, metal cations, and ATP has remained
elusive. Recently, we reported an X-ray structure of a Michaelis
complex mimic, PKAc-Ca2ATP-CP20, in which the OH group of
Ser was substituted with SH of Cys and Ca2+ ions were used
instead of Mg2+ (Gerlits et al., 2015). Here, we present a series
of time-lapse crystal structures that were obtained by flash-
freezing PKAc-SP20, an oligopeptide substrate, and metal-free
binary complex crystals soaked in Mg2+ and ATP solution for
short periods of time. The three time-lapse structures provide
discrete snapshots of the evolution of the enzyme active site
as it assembles into the Michaelis complex prior to the chemical
reaction. The results shed new light on the order of Mg2+ binding
and show how the orientation of the hydroxyl group of the sub-
strate serine residue responds to the assembly of the active-
site residues, metal ions, and ATP in the steps leading up to
catalysis.40, December 1, 2015 ª2015 Elsevier Ltd All rights reserved 2331
Table 1. Data Collection and Refinement Statistics: Molecular Replacement
PKAc/SP20/Mg1.4ATP
T1 (Soak Time 3 s)
PKAc/SP20/Mg2ATP
T2 (Soak Time 10 s)
PKAc/SP20/Mg2ATP
T3 (Soak Time 25 s)
Data Collection
Space group P212121 P212121 P212121
Cell dimensions
a, b, c (A˚) 71.66, 74.68, 79.91 61.31, 78.42, 79.58 56.20, 78.66, 97.72
a, b, g () 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution (A˚) 39.96–2.40 (2.46–2.40)a 35.17–1.77 (1.82–1.77)a 41.50–1.70 (1.73–1.70)a
Rmerge 0.010 (0.039)
a 0.011 (0.036)a 0.005 (0.042)a
I/sI 13.64 (3.6)a 16.5 (3.1)a 22.4 (3.7)a
Completeness (%) 98.4 (97.5)a 99.1 (95.5)a 99.6 (97.9)a
Redundancy 4.9 (4.0)a 4.1 (3.3)a 6.3 (4.8)a
Refinement
Resolution (A˚) 39.96–2.40 35.17–1.77 41.50–1.70
No. of reflections 17,258 38,008 48,275
Rwork/Rfree 0.200/0.239 (0.287/0.322)
a 0.183/0.230 (0.383/0.426)a 0.163/0.198 (0.277/0.304)a
No. of atoms
Protein 2,837 2,814 2,865
Ligand/ion 186/1.4 186/2 192/2
Water 198 435 459
B factors
Protein 50.3 13.4 27.3
Ligand/ion 48.8 10.2 23.2
Water 49.6 22.7 41.2
RMSD
Bond lengths (A˚) 0.017 0.010 0.012
Bond angles () 1.22 1.25 1.32
aValues in parentheses are for the highest-resolution shell.RESULTS
PKAc Active Site Reacts to MgATP Binding
Structures of the PKAc-Mg2ATP-SP20 ternary complexes were
determined from three incremental soak times, and the crystallo-
graphic data and refinement statistics are presented in Table 1.
The structure of the PKAc-SP20 binary complex (time point zero,
or T0) was published previously (PDB: 4O22; Gerlits et al., 2014).
The T1 structure (3 s soak time) diffracted to 2.4 A˚ resolution,
while the subsequent T2 and T3 structures, corresponding to
10-s and 25-s soak times, respectively, diffracted to better
than 1.8 A˚ resolution. The coordinate errors, as estimated from
the diffraction-data precision indicator and the atomic and
average B factors (Cruickshank, 1999), are 0.17–0.20, 0.060–
0.074, and 0.045–0.055 A˚ for T1, T2, and T3, respectively.
Real-space correlation coefficients for the enzyme, ligands,
and key active-site residues in the three complexes are listed
in Table 2. The correlation coefficients are high in all of the struc-
tures. Table 3 presents the stereochemical parameters and
hydrogen bond distances referred to below.
The electron density maps of the active site in the T1, T2, and
T3 structures are shown in Figures 1A–1C, respectively. The
intact ATP and S21SP20 of the substrate are clearly visible in
each structure. At T1, the ATP occupancy is 0.9. The positions
of the highest peaks in the T1 difference electron density map2332 Structure 23, 2331–2340, December 1, 2015 ª2015 Elsevier Ltd(Figure 1A in red) are consistent with the Mg2+ ion positions
found in other structures with ATP (Yang et al., 2004; Kovalevsky
et al., 2012) and have partial occupancies of 0.9 for metal site 1
(Mg1) and 0.5 for metal site 2 (Mg2). Mg2 is hexa-coordinated in
an octahedral geometry by the oxygen atoms of the N171 and
D184 side chains, three oxygen atoms of ATP, and a water mole-
cule. The coordination distances of Mg2 are longer than those in
the T2 and T3 structures, and the elongated difference density of
the associated water molecule suggests that it is disordered
(Figure 1A). In contrast to Mg2, Mg1 is penta-coordinated.
At T2, the unreacted ATP and the twoMg2+ ions are fully occu-
pied (Figure 1B). BothMg1 andMg2 are hexa-coordinated by the
waters and enzyme residues in an octahedral geometry. Mg1
has gained an additional water molecule in its coordination
sphere. In response, the adenine ring and the three phosphates
of ATP change position slightly and the aP-gP distance in-
creases from 4.5 A˚ at T1 to 4.9 A˚ via rotations of O50-Pa,
Pa-O3a, and Pb-O3b. The gPO3 shifts the most, approaching
S21SP20, which in turn rotates 110 away from D166 to make
a 2.7-A˚ hydrogen bond with one of the oxygen atoms of the
gPO3. As a consequence, D166 in T2 rotates 20
 from its position
in T1, in response to the loss of the hydrogen bond with S21SP20,
and instead interacts with N171 (Figures 1B, S1A, and S1B). At
T3, the active-site structure (Figures 1C and S1C) is very similar
to that found at T2. Specifically, the activation loop (residuesAll rights reserved
Table 2. Real Space Correlation Coefficients for the Complexes,
Ligands, and Key Residues in the Three Complexes
Molecule or Residue T1 T2 T3
PKAc 0.945 0.963 0.970
S53 0.846 0.935 0.941 (A)/0.938 (B)
K72 0.942 0.980 0.976
D166 0.957 0.977 0.988
K168 0.975 0.979 0.986
N171 0.978 0.980 0.989
D184 0.966 0.980 0.989
ATP 0.944 0.986 0.984
SP20 0.960 0.965 0.963
S21SP20 0.947 0.974 0.973 (A)/0.965 (B)189–200, root-mean-square deviation [RMSD] of 0.14 A˚), the
catalytic loop (residues 166–171, RMSD of 0.12 A˚), and E127,
which interacts with the ATP sugar ring, superimpose well with
their positions at T2. Importantly, at T3 S21SP20 adopts two con-
formations, which we term S21A and S21B. S21A (0.6 occu-
pancy) has a similar Cb-Og orientation to that seen in the T2
structure, with the hydroxyl pointing toward the bulk solvent,
while the S21B hydroxyl (0.4 occupancy) is oriented toward the
active site, much like at T1 (Figures 1A and 1C).
Interactions made by ATP, Mg2+ ions, and selected active-site
residues in the T1, T2, and T3 structures are shown in Figure 2. At
T1, the S21SP20 hydroxyl makes a hydrogen bond with D166.
K72makes a hydrogen bond with the bPO3 oxygen of ATP, while
K168 makes no hydrogen bonds with ATP, substrate, or protein
residues (Figure 2A). In the T2 structure, bothMg1 andMg2 have
octahedral geometries with bond distances of 2 A˚ (Figure 2B).
The S21SP20 hydroxyl is oriented toward the Og3 of the ATP
gPO3, forming a hydrogen bond (Table 3). The carboxylate oxy-
gen (Od2) of D166 makes hydrogen bonds with a water molecule
that is coordinated to Mg1 and with the side-chain amide of
N171. K168 is hydrogen bonded to Og2 of the ATP gPO3, and
K72 maintains a hydrogen bond with the bPO3 oxygen of ATP.
The coordination spheres of both metals at T3 are unchanged
from T2 (Figure 2C). The S21A hydroxyl makes a hydrogen
bond (Table 3) with gPO3. In contrast to T1, the S21B state
makes a shorter hydrogen bond (Table 3) with Od2 of D166,
which in turn makes hydrogen bonds with a water molecule co-
ordinated to Mg1 and with the NH2 of N171, just as it does in T2.
The three oxygen atoms of the gPO3 in the T2 and T3 structures
are tightly coordinated by both Mg2+ ions and two hydrogen
bonds. Og2 interacts with the side-chain amine of K168 and
Og3 interacts with the S21A hydroxyl, but not with S21B.
Comparing the PKAc-SP20 binary complex with the T1, T2,
and T3 structures also reveals that K72 forms a hydrogen bond
with Oa2 of ATP and appears to form a weaker one with Ob2,
but the latter interaction is absent at T1. D166 forms hydrogen
bonds with N171 and the water molecule bound to Mg1 in the
T2 and T3 structures.
Overall Comparison of Structures at T0/T3
Superimposition of the T1 and T0 structures (Figures 3 and S3)
yields an RMSD of 0.43 A˚. In the PKAc-SP20 binary complex
at T0 (Gerlits et al., 2014), the Gly-rich loop (residues 47–58) isStructure 23, 2331–23in a partially closed conformation relative to its position in the
apo-PKAc structure and product complex (Akamine et al.,
2003). Formation of the ternary complex does not significantly
change the structure of the large lobe of PKAc. The majority of
the structural changes take place in the small lobe. The Gly-
rich loop curls inward toward the ATP as time progresses (Fig-
ures 3A and S3). It also slides closer to the B helix starting at
T2 (Figures 3B and S3). Interestingly, the B helix at T1 is dis-
placed toward the Gly-rich loop, before returning to near where
it began at T0 (Figure 3B), demonstrating its dynamic nature.
From T0 to T3, the backbones of the residues at the tip of the
Gly-rich loop (S53 and F54) shift toward the gPO3 of ATP by
2 A˚. The b1 and b2 strands in the loop distort in response to
ATP binding (Figure S3). The hydroxyl group of S53 adopts two
conformations, one pointing toward the active site at T1 and
the other pointing outward toward the solvent at T2, whereas it
adopts both conformations at T3 (Figure 3A). At T0, the R56
side chain at the C-terminal end of the loop makes two hydrogen
bonds with the backbone carbonyl oxygen atoms of E333 and
E334. The side chain of R56 adopts a different rotamer, interact-
ing with the E331 carbonyl and E333 amide, which loosens the
C-terminal loop between residues 333 and 336. Y330 in the
PKAc C-terminal tail is thought to participate in the entry of
ATP to the active site (Narayana et al., 1997a; Shaltiel et al.,
1998). Both Y330 and K72 change positions as ATP changes po-
sition in the active site from T1 to T3 (Figure S1). However, Y330
does not interact with the sugar ring of ATP. Instead, it forms a
very weak hydrogen bond with E127.
The C helix in the small lobe, the F helix, and the activation loop
(residues 184–204) in the large lobe containing the naturally
phosphorylated T197 all play crucial functional roles by partici-
pating in the formation of the two hydrophobic spines required
to produce the active conformation of PKAc (Kornev et al.,
2006; Taylor and Kornev, 2011). The catalytic spine (C spine) in-
cludes the adenine ring of ATP and comprises non-contiguous
residues A70, V57, M128, L173, I174, L172, M231, and L227.
In addition, it is directly anchored to the N terminus of the F helix.
The regulatory spine (R spine) consists of residues L95, L106,
Y164, F185, and D220 and is also anchored to the F helix. The
T0–T3 series of structures indicate that the R spine is already
formed in the PKAc-SP20 complex (Gerlits et al., 2014) and un-
dergoes only minor adjustments as time progresses after ATP
binds. In all four structures, the hydrogen bond lengths between
H87 in the C helix and T197 in the activation loop are 2.7–2.8 A˚
while the Ca distances are 8.7–8.8 A˚. The R165-T197 interaction
is also consistently present, but the hydrogen bond between
K189 and T197 only forms after ATP binds (Figure S1).
In T1, the position of the K72 side chain changes relative to T0,
altering its interaction with the carboxylate of E91 and allowing
K72 to form a new hydrogen bond with the OPa atom of ATP.
In contrast to a previous simulation study (Khavrutskii et al.,
2009), K72 does not interact with D184. Instead, the hydrogen
bond between D184 and a water molecule present at T0 breaks
when the water is replaced byMg1, which causes D184 to rotate
28 about theCb-Cg bond to interact with themetal (Figure S2).
The binding of ATP also disrupts the hydrogen bond between
K168 and S21SP20. K168 rotates away from S21SP20 to form a
hydrogen bond with an Og of ATP. M120 progressively rotates
from an outward conformation at T0 toward the adenine ring of40, December 1, 2015 ª2015 Elsevier Ltd All rights reserved 2333
Table 3. Comparison of Stereochemical Parameters and Hydrogen Bond Distances at the Reaction Center, Starting From PKAc/SP20
to TS Mimic Structures
PKAc/SP20
(Gerlits et al., 2014) T1 T2 T3 (S21A/B)
TS Mimic
(Madhusudan et al., 2002)
PDB ID 4O22 3X2U 3X2V 3X2W 1L3R
RMSD 0.42 0.36 0.27 0.00 0.26
Substrate S21 c1 () 57.6 66.2 65.1 62.3/53.7 64.9
(D166) Od2–Og (S21) (A˚) 2.8 2.7 – –/2.6 2.4
D166 c1 () 152.4 151.8 160.0 156.5 151.5
D166 c2 () 163.2 169.2 155.9 164.9 179.2
Pseudo-angle, Og (S21)–Pg
(ATP)–O3b (ATP) ()
– 150.8 140.0 141.8/172.6 162.6
Og (S21)–Pg (ATP) (A˚) – 3.5 3.5 3.5/3.3 2.3
Og (S21)–O2g (ATP) (A˚) – 2.8 – –/3.1 2.8
Og (S21)–O3g (ATP) (A˚) – 3.8 2.7 2.7/3.0 2.8
Og (S21)–NZ (K168) (A˚) 2.9 3.2 – 2.8 3.1
O2g (ATP)–NZ (K168) (A˚) – 4.0 2.9 2.9 2.9
D184 c1 () 159.0 155.2 165.6 164.2 164.2
D184 c2 () 154.7 174.4 174.6 174.2 170.9
K168 c2 () 175.6 168.1 172.4 177.8 179.6
K168 c3 () 179.7 168.6 170.7 179.4 174.7
K168 c4 () 177.2 147.2 175.9 170.9 178.2
N171 c1 () 74.0 71.0 75.6 75.1 74.8
N171 c2 () 17.1 22.7 13.6 15.1 24.9
Mg1–O3g (ATP) (A˚) – 1.9 2.0 1.9 –
Mg1–O1b (ATP) (A˚) – 2.3 2.0 2.0 –
Mg1–Od2 (D184) (A˚) – 1.9 2.2 2.2 2.3
Mg1–Od1 (D184) (A˚) – 2.3 2.2 2.2 2.2
Mg1–F2 (AlF3) (A˚) – – – – 2.0
Mg1–O2b (ATP) (A˚) – – – – 2.1
Mg1–O3b (ATP) (A˚) – 3.0 – – –
Mg1–Wat (A˚) – 2.1 2.0 2.0 2.4
Mg1–Wat (A˚) – – 2.1 2.1 2.1
Mg2–O2g (ATP) (A˚) – 2.1 2.0 1.9 –
Mg2–F1 (AlF3) (A˚) – – – – 2.0
Mg2–O2a (ATP) (A˚) – 2.0 2.0 2.0 1.9
Mg2–Od2 (D184) (A˚) – 2.5 2.1 2.1 2.0
Mg2–Od1 (N171) (A˚) – 2.3 2.0 2.2 2.1
Mg2–O3b (ATP) (A˚) – 2.6 2.8 2.7 2.1
Mg2–Wat (A˚) – 2.3 2.1 2.1 2.2
c1 and c2 are the dihedral angles; pseudo-angle is the angle between one or more non-bonded atoms.ATP, and the rotamer adopted byV104 at T1 changes (FigureS1).
The binding of ATP and Mg2+ also produces minor side-chain
adjustments in L49, V57, K72, V104, M120, E127, D166, T183,
D184, and Y330 (Figure S2). These interactions and side-chain
positions mentioned above are unchanged in the T2 and T3
structures.
Overall, the substrate backbone superimposes well in the
T0/T3 structures, except for the C-terminal portion (residues
H23SP20 and D24SP20). The position of the substrate’s S21SP20
side chain adjusts when ATP binds (Figure S1). The closure of
the Gly-rich loop decreases the distances between the Ca atoms2334 Structure 23, 2331–2340, December 1, 2015 ª2015 Elsevier Ltdof S53 and S21SP20 with time after ATP binds. Starting at T1, in-
teractions between the substrate H23 and D24 and PKAc are
disrupted by the B-helix shift that moves N84 and H87.
Comparison of the Michaelis and TS Mimic Complexes
The T3 and TS mimic (PDB: 1LR3; Madhusudan et al., 2002)
structures overlay well, with an RMSD of 0.26 A˚. The differences
between the active sites (Table 3 and Figure 4) illustrate the tran-
sition from intact ATP to ADP + PO3
mimic. The gPO3 of ATP is
positioned between the Pb and themetal trifluoride, and the cen-
tral metal atom is shifted toward the S21 hydroxyl by 0.8 A˚ fromAll rights reserved
Figure 2. Hydrogen Bonding
Hydrogen bonding in the active site of (A) T1, (B) T2, and (C) T3 structures. At
T1, Mg2 has 0.5 occupancy. Mg2+ ions are shown as green spheres. See also
Figure S2.
Figure 1. Simulated Annealing Omit Maps of the Active-Site Resi-
dues, Mg2+ Ions, and Coordinating Waters
Omitmaps are shown in blue at 3s; coordinating waters are shown in red at 3s.
(A) Structure of T1.
(B) Structure of T2.
(C) Structure of T3. The curved double-headed arrow indicates the 111.4
rotation between the substrate S21A and S21B rotamers.
See also Figure S1.the position of the phosphorous of the gPO3 (Figure 4). The fluo-
rides in the TS mimic are closer to N171 than the oxygen atoms
of the gPO3 in the T3 structure. Similarly, D184 and Mg1 are
closer in the TS mimic structure than in the T3 structure. The
Gly-rich loop is fully closed in the TSmimic structure, where it in-
teracts with the planar metal-fluoride moiety. In contrast, the
Gly-rich loop is more open in the T3 structure, but does not
interact with the ATP gPO3 oxygen atoms (Figure S1). The posi-
tion of S21B in T3 structure lends support for the in-line displace-
mentmodel of the phosphoryl transfer reaction whereby theObg-
gP-OS21B pseudo-angle is 173
, which is very close to the 180 of
an in-line conformation (Ho et al., 1988), and the CbS21B-OS21B-
gPATP pseudo-angle is 109.2
. In this configuration, the lone
electron pair of the OS21B is directed toward the gPATP (Figure 4),
which maximizes orbital overlap (Mesecar et al., 1997).
DISCUSSION
The time-lapse crystal structures reported here show the assem-
bly of the PKAc ternary complex that leads to the structure at T3,Structure 23, 2331–23which can be considered a model of the Michaelis complex that
is ready for catalysis. The present findings reveal how the PKAc
active site assembles in preparation for catalysis. The geometry
of the active site in the S21B state at T3, which positions the
S21SP20 hydroxyl in line with the gPO3 of ATP, is consistent
with the near-attack-conformation (NAC) of the TS mimic struc-
ture (Madhusudan et al., 2002), making it the best example of the
NAC complex of PKAc to date. The time evolution of the PKAc-
Mg2ATP-SP20 complex from states T0 to T3 illustrates confor-
mational transitions that are either required to prime PKAc for
catalysis or that underscore the dynamic nature of PKAc, in a
manner not previously realized. Mg2+/ATP-driven conforma-
tional changes in PKAc have been observed prior to the phos-
phoryl transfer reaction in experiments and simulations (Cox
et al., 1994; Shaffer and Adams, 1999a; Andersen et al., 2001;
Johnson et al., 2001; Hyeon et al., 2009; Masterson et al.,
2010, 2011; Sims et al., 2013; Srivastava et al., 2014). The40, December 1, 2015 ª2015 Elsevier Ltd All rights reserved 2335
Figure 3. Active Site and Catalytic Cleft
(A) Overlay of the active sites of the T1 (magenta),
T2 (cyan), and T3 (yellow) PKAc structures. The
ATP of the T1 structure is presented in gray.
(B) Cartoon representation of the overlaid catalytic
cleft of the PKAc-SP20 binary complex (T0 struc-
ture [Gerlits et al., 2014] is shown in orange) with
the T1, T2, and T3 structures from the present
work.
See also Figure S3.transition from the semi-open conformation of PKAc at T0 (Ger-
lits et al., 2014) to the Mg2+- and ATP-bound T1 state primarily
involves perturbations of the secondary structures in the small
lobe that are reminiscent of the structural ‘‘cracking’’ observed
in response to ATP binding in molecular dynamics (MD) simula-
tions (Hyeon et al., 2009).
The Gly-rich loop is particularly dynamic and shows curling
and sliding motions, consistent with other studies (Narayana
et al., 1997b; Akamine et al., 2003). Interestingly, neither of the
S53 side-chain conformations in T3 interact with the gPO3 of
ATP or the backbone of the substrate S21, in contrast to the fully
closed, planar intermediate observed in the TS mimic (Madhu-
sudan et al., 2002) and in the structures of phospho-Ser product
complexes (Gerlits et al., 2013, 2014). The Gly-rich loop closure
is slower than the phosphoryl transfer, and S53 mutations have
only a minimal effect on the reaction rate or nucleotide binding
affinity (Shaffer and Adams, 1999b; Masterson et al., 2010).
The present results support the idea that S53 interactions with
ATP and the substrate prior to the reaction are not important
for catalysis, and further suggest that the two conformers
observed for S53 and S21SP20 are not likely correlated. The
conformational consistency of the residues located in the DFG
motif, the activation loop, and the C helix, as well as those of
ATP and the Mg2+ ions seen at T2 and T3, particularly when
compared with T0 and T1, supports the idea that the regions
of PKAc become increasingly rigid in the steps leading up to
the reaction (Figures 1B and S1). Considerable variability in
the side chain conformations remains, apparently consistent
with the nuclear magnetic resonance results (Masterson et al.,
2010), but the inherent differences between the measurements
do not allow for a stronger causal link. Another notable aspect
revealed from the present structures is the independence of
the assembly of the two hydrophobic spines of PKAc. The R
spine assembles after PKAc autophosphorylation and further
adjusts when the substrate binds, but the C spine forms after
ATP binds.
The structural changes of S21SP20 are particularly noteworthy
(Figure S1 and Table 3). At T1, S21SP20 maintains a rotameric
conformation similar to that found at T0 (Gerlits et al., 2014).
Furthermore, the hydrogen bond lengths to D166 are similar (Ta-
ble 3). At T2, the hydroxyl group loses its interaction with D166
and forms a hydrogen bond with O3g by rotating 110. Finally,
at T3 two rotameric conformations of S21SP20 are present. The
major occupancy state (S21A) is very similar to the S21SP20
conformer found at T2. The S21B rotamer has dihedral angles
and hydrogen bonds similar to those present in the T0 and T12336 Structure 23, 2331–2340, December 1, 2015 ª2015 Elsevier Ltdstructures (Table 3). The relative free energy profile for the rota-
tion of the S21SP20 c1 dihedral angle, obtained from umbrella
sampling MD simulations, as described in the Experimental Pro-
cedures, shows two nearly isoenergetic minima consistent with
the S21SP20 conformers present in the T3 structure (Figure S4A).
The computed free energy barrier (5 kcal/mol) is low enough to
allow rapid interconversion between the two conformers of the
S21SP20 side chain. The hydrogen bond with D166 has been
reestablished in T3 and is slightly shorter than in the T0 or T1
structures, but apparently is not strong. The distance to O3g de-
creases in T2 to form a hydrogen bond that is broken in the T3
S21B conformation due to rotation. These interactions are sup-
ported by our simulations, as can be seen in the distance distri-
butions extracted from the simulation trajectories near the
minima and maximum of the free energy profile shown in Fig-
ure S4B. In the T3 structure, the nucleophilic S21B hydroxyl
points toward the gPATP and is separated by 3.3 A˚. The results
support the proposal that the T3 S21B structure must be close
to the true Michaelis complex. However, we note that enzymatic
reactions slow considerably in crystals, which may explain why
phosphorylation of S21 was not detected after 25 s (T3), even
though the solution kcat of the phosphoryl transfer is 500 s1
for the Kemptide substrate (Lew et al., 1997).
Another interesting feature of the time-lapse structures is the
progression of the Mg2+ coordination and the occupancies of
Mg1 and Mg2 from the initial binding of ATP to the formation of
T3 structure. In the solution used for soaking (see Experimental
Procedures), the predominant species is (MgATP)2, rather
than Mg2ATP, even though excess magnesium was used (Storer
andCornishbowden, 1976; O’Sullivan and Smithers, 1979; Sigel,
1987). Solution studies of free ATP indicate that oneMg2+ ion co-
ordinates one oxygen atom from each of the three phosphates,
but the interactions with the gPO3 and bPO3 are stronger than
that with the aPO3 (Cohn and Hughes, 1962; Kuntz and Swift,
1973; Son et al., 1975; Mildvan, 1987). Such a coordination, if
maintained during the transition into the active site, is consistent
with Mg2, not Mg1, as can be seen in Figure 2. However, ATP
and Mg1 were observed bound in the active site of the T1 struc-
ture with occupancies of 0.9, whereas the occupancy of Mg2 is
0.5. Mg1 lacks a sixth ligand, which is a water molecule in the T2
and T3 structures, and its coordination sphere is a distorted
square pyramid rather than an octahedron. Starting at T2, Mg1
and Mg2 are coordinated similarly, as in previous structures of
PKAc ternary complexes with excess Mg2+ ions (Shaffer and
Adams, 1999b, 1999a) and in the structure of 3-phosphoglyc-
erate kinase (Flachner et al., 2004).All rights reserved
Figure 4. T3 Michaelis Complex and TS Mimic Active Sites
Active site of the T3 S21B structure (yellow sticks with green Mg2+ ions and
water oxygens in red) superimposed onto the TS mimic structure (PDB: 1L3R;
Madhusudan et al., 2002; thin gray sticks with Mg2+ in purple and water
oxygens in gray). See also Figure S4.The present results raise questions regarding the order of
Mg2+ binding when compared with Mg-deficient structures re-
ported previously. The fast 3-s soaking of PKAc-SP20 crystals
in the Mg2+/ATP solution to trap the T1 structure may have
captured a non-equilibrium state that cannot be observed
when an Mg-deficient structure is produced by slow co-crystal-
lization of the assembled complex. The current observation that
Mg1 has a higher occupancy than Mg2 in the T1 structure ap-
pears to agree with a previous crystallographic report from co-
crystals obtained at low Mg2+ ion concentrations (Zheng et al.,
1993). In contrast, a recent higher-resolution X-ray crystallo-
graphic study of PKAc in complex with ATP and the inhibitor
peptide IP20 crystallized at a low Mg2+ ion concentration of
0.5 mM found only Mg2 present in the active site (Kovalevsky
et al., 2012). The present results suggest that interactions that
take place during (MgATP)2 entry into PKAc active site result
in theMg1 site being occupied first, even though it is not fully co-
ordinated. A second Mg2+ ion then diffuses into the Mg2 site to
fix the phosphate backbone as the Mg1 site attains full octahe-
dral coordination, which is seen in the T2 structure. The T1 struc-
ture here and recent crystallographic results suggesting that
Mg1 is the first to be released after product formation (Bastidas
et al., 2015) indicate that Mg1 is mobile.
The nucleophilic hydroxyl group of S21SP20, the apical Obg
leaving group oxygen, and gP have adopted an in-line configura-
tion in the T3 S21B structure that is very similar to that of the TS
mimic (Madhusudan et al., 2002), as can be seen in Figure 4 and
Table 3, which leads to the proposed steps in the reaction. Initial
Mg and ATP binding produces the ternary complex having the
Mg1 site occupied first, which is followed by Mg2 binding. At
T2, S21SP20 senses the gPO3 of ATP. Then at T3, the side chain
of S21SP20 rotates freely between the S21A and S21B con-
formers (Figure S4A), leading to the Michaelis complex
(T3 S21B). The T3 S21B structure resembles the TSmimic struc-
ture (Figure 4), displaying the NAC with the S21 nucleophile
required for the reaction to proceed, which then results in prod-
uct formation. The product structure (Gerlits et al., 2013) is
compared with the T3 S21B conformer in Figure S2. Interest-
ingly, when T3 and the TS mimic structures are superimposed,Structure 23, 2331–23the MgF3
- has shifted 0.5 A˚ toward Mg1 and is 1 A˚ closer to
the S21 OH group, showing the progress of the chemical reac-
tion toward product formation.
Conclusions
The time-lapse structures of PKAc presented here illustrate the
structural changes that take place within PKAc from the initial
binding of Mg2+ ions and ATP through the adjustments required
to form the Michaelis complex, including the transition between
the S21A and S21B rotamers in the T3 structure. The present re-
sults suggest that the S21B conformer represents the point in
time immediately prior to the phosphoryl transfer reaction, hav-
ing the correct NAC geometry. The spatial relationships between
the key residues D166 and K168, ATP, and the target S21 resi-
due of the substrate also evolve with time. Furthermore, the
structures show that the ATP phosphate backbone is first fixed
by the Mg1, rather than Mg2, while the enzyme assembles
around the active site.
EXPERIMENTAL PROCEDURES
Protein Purification
His6-tagged recombinant PKAc (from Mus musculus) was expressed in
Escherichia coli BL21 DE3 cells in LB medium at 18C for 18–20 hr after
0.5 mM isopropyl b-D-1-thiogalactopyranoside induction as described previ-
ously (Gerlits et al., 2014). The cells were lysed using ultrasonication and spun
for 1 hr at 7,500 rpm. The recombinant enzyme in the soluble lysate was puri-
fied by nickel affinity chromatography using a HisTrap fast-flow chromatog-
raphy column (GE Healthcare Bio-Sciences). The eluted enzyme was then
buffer-exchanged using a desalting column (GE Healthcare Bio-Sciences)
with 50 mM 2-(N-morpholino)ethanesulfonic acid, 150 mM NaCl, and 2 mM
DTT (pH 6.5). The protein was concentrated to 10–12mg/ml using 10-kDa cen-
trifugal filters (EMD Millipore), before preparing the binary complex. The sub-
strate peptide SP20 (TTYADFIASGRTGRRASIHD, where S is the Ser21 [S21]
that is phosphorylated by PKAc) was derived from the PKAc inhibitor, PKI,
with the mutations N20A and A21S, and was custom synthesized by Biomatik.
The magnesium salt of ATP (adenosine 50-triphosphate) and the other chem-
icals used for the sample preparation were purchased from Sigma-Aldrich.
Crystallization and Data Collection
The binary complexes of metal-free His6-tagged recombinant PKAc and SP20
were prepared by mixing stock solutions to achieve a 1:5 molar ratio. Crystals
were grown at 4C using a previously described protocol (Gerlits et al., 2014).
Samples for the time-lapse crystallographic experiments, a technique inspired
by previous studies (Das et al., 2010; Nakamura et al., 2012; Basu and Mura-
kami, 2013), were obtained by taking crystals that had been washed 4–5 times
and soaking them for defined periods of time in a reservoir of buffer containing
the 1 mM magnesium salt of ATP, 1 mM MgCl2, and 20% glycerol as a cryo-
protectant. At the end of the soaking period, the crystals were removed and
flash-frozen in liquid nitrogen. The PKAc ternary complexes soaked for 3,
10, and25 s prior to freezing are referred to as T1, T2, and T3, respectively.
Longer soak times did not produce crystals that provided diffraction data suit-
able for structure determination.
The crystallographic datasets were collected at 100 K on Beamline 19-ID of
the Advanced Photon Source of Argonne National Laboratory, which is oper-
ated by the SBC-CAT. Diffraction data were collected, integrated, and scaled
using the XDS software suite (Kabsch, 2010). Molecular replacement was car-
ried out using Phaser, which is incorporated into PHENIX (Adams et al., 2004).
The PKAc/SP20 binary complex (PDB: 4O22; Gerlits et al., 2014) was used as
the search model. The models were refined against the diffraction data using
simulated annealing and TLS (Winn et al., 2001), which is also incorporated into
PHENIX. The summary of the crystallographic data and refinement statistics
are presented in Table 1. All of the structures had three post-translationally
phosphorylated residues, S139, T197, and S338, as has been observed previ-
ously (Yonemoto et al., 1997). The program Coot (Emsley et al., 2010) was40, December 1, 2015 ª2015 Elsevier Ltd All rights reserved 2337
used to build and manipulate structures within the electron density map. The
simulated annealing omit maps were obtained using PHENIX (Adams et al.,
2004) and the residues, metal ions, or waters were omitted from map calcula-
tions as appropriate. Figures were generated using PyMol molecular graphics
software (v.1.5.0.3; Schro¨dinger). The structures have been deposited in the
PDB with the codes PDB: 3X2U, 3X2V, and 3X2W for the T1, T2, and T3 struc-
tures, respectively.
Molecular Dynamics Simulations
Initial coordinates for the MD simulations were obtained from one of the two
conformations present in the T3 structure (PDB: 3X2W). The CHARMM-GUI
web server (Jo et al., 2014) was used to generate the starting model employed
for all simulations. The CHARMM36 force field (Brooks et al., 2009) and the
TIP3P water model (Jorgensen et al., 1983) were used for the simulations.
S139, T197, and S338 were phosphorylated for consistency with the crystal
structures. All residues were protonated according to their standard pH 7 pro-
tonation states. All water molecules resolved in the crystal structure were re-
tained in the simulationmodel. The systemwas then solvated with TIP3Pwater
molecules in a 703 583 51-A˚ rectangular box. Three Cl anions were added
to neutralize the charge of the system. The system contained a total of 69,130
atoms. NAMD version 2.9 (Phillips et al., 2005) was used to perform the simu-
lations. Periodic boundary conditions were employed, and the Particle Mesh
Ewald method (Darden et al., 1993) was used for the electrostatic interactions.
For system equilibration, the time step was set to 1.0 fs, while 2.0 fs was used
for the production MD simulations. The temperature and pressure were main-
tained at 300 K and 1 atm, respectively, with the Langevin temperature
coupling and Nose-Hoover Langevin piston pressure coupling algorithms
(Feller et al., 1995). After equilibration, 60 ns of unrestrained MD was
performed.
To compute the potential of mean force for the rotation of the c1 dihedral of
S21SP20, a snapshot from the end of the unbiased simulation trajectory was
used as the starting configuration for umbrella sampling free energy simula-
tions. The c1 dihedral angle of S21SP20 was restrained to 16 discrete values
ranging from74 to +76 in 10 increments, which covers the range between
S21A and S21B conformations in the T3 structure, using a harmonic biasing
potential with a force constant of 0.06 kcal mol1 deg2. Each starting c1 angle
model was equilibrated for 0.5 ns, after which a 5-ns production run was per-
formed. The weighted histogram analysis method (Kumar et al., 1992; Roux,
1995), as implemented in the program WHAM (Grossfield, 2013) was used
to compute the potential of mean force. 160 bins were used and the temper-
ature was set at 300 K for WHAM. Statistical error was estimated using the
bootstrapping method for 1,000 steps.
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